This paper presents the results of a parametric study of wheel load distribution in foursided precast concrete box culverts using three-dimensional finite element analysis (3D-FEA
Introduction
According to the U.S.A. Federal Highway Administration's 2016 National Bridge Inventory data, 21.7% of the nation's 603,620 bridges are structurally deficient or functionally obsolete as reported in Better Roads Magazine (November 2016).
1 Highway Bridges that are either built using cast-in-place concrete or precast concrete panels form about 69% of all bridges (423, 216) . Single span reinforced concrete bridges represent about 150,000 and assuming rise and was subjected to various load combinations of earth pressures and AASHTO HS20 wheel loading in the top slab. This study considered the effect of each and/or combinations of soil cover on the culvert behavior, lateral earth pressures applied to side walls, and soil bearing pressure applied to the bottom slab. The results presented in this paper can assist bridge engineers in analyzing and designing precast concrete box culverts with span lengths longer than 3.6 m (12 ft) subject to various loads or load combinations of dead load, earth pressure, and live load.
Background
Precast concrete box culverts are typically designed as highway bridges per either AASHTO Standard (2002 ) or LRFD (2012 . These specifications introduced the provision of distributing single or multiple wheel live loads to the bridge superstructure as a function of the depth of soil fill. Therefore, AASHTO suggest the analysis and design of box culverts by reducing the 3D structure to a 2D frame. Abolmaali and Garg (2008) reported the results of a study evaluating the shear behavior and capacity of 42 standard precast concrete box culverts presented in ASTM C1433 subject to AASHTO HS20 truck wheel load. No fill was placed on the top slab of the culverts and rigid bedding material was assumed to support the culverts. Full-scale experimental tests were conducted on 24 typical precast concrete box culverts designed as per ASTM C1433. Six full-scale 2.4 m span concrete box culverts were tested to failure by subjecting each culvert to the AASHTO HS20 wheel load. Each structure was loaded incrementally up to failure in which crack initiation and propagation were identified and recorded at each step. It was shown that all the test structures behaved in flexural mode up to and beyond the standard loads. Therefore, the test results indicated that flexure governed the behavior required by AASHTO Specifications. Three-dimensional nonlinear finite element models of the test structures were developed and compared with the experimental results. It was shown that the actual shear capacity exceeded the factored critical shear force for all the ASTM C1433 box culverts. The study concluded that shear is not the governing behavior mode for the concrete box culverts, and it was recommended that the live load distribution width equations along with the provisions for shear transfer devices for box culverts required in the AASHTO Standard must be revised. The study also concluded that there is no need for shear transfer device across the joints of adjacent precast concrete box culverts. Awwad et al. (2008) reported the results of a study comparing the 3D-FEA versus 2D plane frame results of a new four-sided box culvert with span length of 5.4 m (18 ft) and a rise of 2.4 m (8 ft). The culvert was subjected to various combinations of earth loading from the soil cover, lateral earth pressure, and AASHTO HS20 wheel loading applied at center or edge along mid-span of the top slab. As the soil cover increases from 0 to 3 m (10 ft), wheel loads were projected to the top slab using ASTM C890 procedure. The results showed that the effect of wheel loading along mid-span is significant and that the edge loading condition for a single box is more critical than center loading for soil cover less than 0.9 m (3 ft). The earth fill loading tends to gradually dominate as the soil cover increases. It was shown that moments from plane frame analysis and 3D FEA gave similar results. Orton et al. (2015) reported experimental data from field testing of multi-cell reinforced concrete box culverts under soil fill. This study was performed to quantify the reduction of live-load effects with increasing fill depth since the current structural analysis procedures are overly conservative in predicting the live-load effects. The study investigated experimentally the effects of truck loads on reinforced concrete box culverts classified as bridges (where spans are greater than 6 m (20 ft)) under soil fills of different thickness. The study considered ten existing reinforced concrete box culverts with fill depths ranging from 0.76 m (2.5 ft) to 4.1 m (13.5 ft). Test results showed that the live-load effect does diminish with increasing fill depth. It was shown that at depths beyond 1.82 m (6 ft), the live-load pressures are less than 10% of the dead-load pressure, and this fill depth was considered as a point at which live-load effects may be neglected. This conclusion matches the results reported earlier by Awwad et al. (2008) . Furthermore, the AASHTO LRFD Bridge Design Specifications (2012) were found to be overly conservative in predicting strains and displacements compared with field data for fill depths less than 2.4 m (8 ft). The primary source of conservatism is likely the two-way action in the top slab of the culvert. Acharya et al. (2016) reported the results of a parametric study by investigating the influence of concrete pavement thickness, fill depth, wheel loads, and culvert span on the load distributions. The study was based on the results of a comprehensive field study of a single-cell low-fill box culvert. The culverts were instrumented with displacement transducers and pressure cells to capture deformations and pressures resulting from different combinations of wheel loads. It was shown that the intensity of the vertical pressure gradually decreased with an increase in the concrete pavement thickness and fill depth because the wheel load was distributed over a wider area. The vertical pressure on top of the culvert decreased with the increase of the culvert span. The study demonstrated that the AASHTO pressure distribution methods are overly conservative for the wheel load distribution on a low-fill box culvert under rigid pavement. The difference in the calculated vertical pressure decreased with the increase of the fill depth. For all the fill depths considered, the calculated pressure by the AASHTO LRFD code was higher than that by the AASHTO Standard Specifications. At the higher fill depth (2.4 m) and wider span, the calculated pressure by the AASHTO Standard Specification closely matched the pressure found by the numerical method.
Description of Box Culverts

Geometry
A typical three-dimensional precast concrete box culvert is shown in Figure 1 . The main geometric parameters of a box culvert are the span length, rise, laying width, haunches, wall thickness and top/bottom slab thicknesses. A box culvert with span length (S) of 7.2 m (24 ft) is investigated in this study. The culvert had constant rise of 2.4 m (8 ft), constant slab and wall thicknesses of 0.3 m (1 ft), and haunches at each corner of 0.3 m x 0.3 m (1 ft x 1 ft). The laying width of the section was chosen as the standard 1.8 m (6 ft). The box section selected for this study was labeled as B24, which correspond to the span length. The overall weight and possible transporting the box culvert to a construction site was not addressed in this investigation.
It should be noted that this longer culvert of 7.2 m (24 ft) was selected to fill a need to provide practical structural analysis of concrete box culverts spanning more than 3.6 m (12 ft) and less than 9 m (30 ft). The ASTM Standard covers precast culverts with spans up to 3.6 m (12 ft), and this research will allow engineers to address box culverts reaching up to 7.2 m (24 ft). 
Material Properties
The material properties used in modeling the precast concrete box culvert was assumed to be normal-strength concrete with compressive strength of 27.6 MPa (4,000 psi), modulus of elasticity 24.8 GPa (3.6x10 6 psi), and Poisson's ratio 0.2. A typical 19 kN/m 3 (120 lbs/ft 3 ) unit weight "γ" of soil was used and a friction angle  was assumed to be 30 o for well-drained granular fill material. The soil is considered at rest condition with a lateral pressure coefficient k 0 of 0.5 (where k 0 = 1-sin). To be conservative, it was assumed that the depth of water table to be below the culvert and there was no stream running water. Loading Figure 2 shows the various critical applied loads that will influence the load distribution in precast concrete box culverts. The culverts were subjected to overburden pressure due to soil cover, lateral earth pressures, and the standard AASHTO HS20 truck wheel load. The culvert self-weight was included in the comparative analysis of 3D-FEA vs 2D frame analysis. However, the culvert selfweight should be part of the load combination of the soil and live loadings in the final analysis and design of the culverts. The height of soil cover (Z) above the top slab was varied from 0 m (no cover) to 3 m (10 ft), with increments of 0.6 m (2 ft) and the resulting overburden pressure (γZ) was applied uniformly to the top slab. 
Figure 2. Typical Earth and HS20 Wheel Loading on the Culvert
In the 3D-FEA, AASHTO HS20 truck consists of 2 lines of wheels spaced 1.8 m (6 ft) apart. Each line has 18, 72, and 72 kN (4, 16, and 16 kips) concentrated wheel loads as shown in Figure 2 . AASHTO and ASTM C1433 (2016) specify that a wheel load is to be applied as a tire print over an area of 0.50 m x 0.25 m (20 in x 10 in) directly to the top slab of a culvert for soil cover less than or equal to 0.6 m (2 ft). For soil cover more than 0.6 m (2 ft), the tire print area is projected using ASTM C890 (2013) 
where W is the width (20 in) and L is the length (10 in) of the tire print. Two wheel loading positions along mid-span are considered: (i) Centered Loading where the projection of the tire print of the middle wheel is placed in the center of top slab along mid-span and (ii) Edge Loading where the projection of the tire print of the wheel is placed at the edge of top slab along mid-span. These two loading conditions were considered based on a study by Awwad et al. (2008) in which several wheel load positions were investigated, located from edge to center along mid-span. The maximum values of bending moments and deflections in the top slab, as expected, decreased as the tire print was moved from edge toward the center. The centered and edge wheel loadings along mid-span were therefore selected to represent extreme loading conditions encompassing all other possible intermediate wheel load positions. The AASHTO Standard Bridge Specifications (2002) consider an impact factor for the dynamic live load effect as follows: 30% increase in wheel load for soil cover less than 0.3 m (1 ft), 20% increase in wheel loads for soil cover between 0.3 and 0.6 m (1 and 2 ft), 10% increase in wheel loads for soil cover between 0.6 and 0.9 m (2 and 3 ft), and no impact for soil covers more than 1.2 m (4 ft).
Load Combinations
The concrete box culvert selected for this study was analyzed, subject to the variable soil pressure and static wheel loading described earlier. The culvert was subjected to both Centered and Edge wheel loadings. In addition, soil loading was applied in three stages as follows: Case 1 considers only the overburden pressure on the top slab for the various soil covers selected and assumes the culverts to be simply supported by hinges under the side walls. Case 2 is similar to Case 1 but with the addition of lateral earth pressure applied to the side walls. Case 3 considers all soil pressures on the culvert slabs and walls, in addition to bearing springs under the bottom slab which support the culverts. The concrete culvert was analyzed considering the various load combinations of six soil covers, two wheel positions, and three earth loading cases.
Finite Element Modeling
The concrete box culverts were modeled using the finite element analysis computer program SAP2000.
2 A mesh sensitivity analysis was conducted and a suitable discretization using 0.15 m x 0.15 m (0.5 ft x 0.5 ft) four-node shell elements with six degrees of freedom at each node was adopted. The concrete slabs and walls were modeled as linear elastic four-node shell elements that account for plate bending in the slab, and bending with axial behavior in the side walls. The shell thickness of 0.3 m (12 in) was used for the slabs and walls while haunches are modeled using an equivalent thickness of 0.38 m (15 in).
The concrete box culverts were also analyzed as 2D plane frames per ASTM and AASHTO procedures. A unit-width is considered in the analysis and the corresponding earth pressures are applied in the three stages discussed earlier. For soil cover less than or equal to 0.6 m (2 ft), the middle tire print of the HS20 truck is applied at mid-span of the top frame member and is divided by the distribution width suggested by AASHTO Standard Bridge Specifications (2002) , E (ft) = 4 + 0.06S eff , where S eff (ft) is the effective span length, measured between midhaunches (S eff = clear span S -haunch width). When the soil cover exceeds 0.6 m (2 ft), the tire prints are projected using procedures specified in ASTM C890. Noting that the centered and edge wheel loading condition become identical in the 2D analysis.
The finite element model of a typical culvert B24 subjected to edge wheel loading, overburden and lateral earth pressures with Z = 0.6 m (2 ft), supported by bearing springs distributed below the bottom slab, as described in Case 3. The corresponding deflected box culvert and longitudinal bending moment distribution in the slabs and walls are shown in Figure 3 . The longitudinal moment is the bending moment about the transverse axis which is used in determining the main reinforcing steel in the culvert. 
Results
The critical bending moments (M p and M n ) were identified at mid-span and the wall support of the top slab along with the maximum vertical deflection (D) at mid-span for all culverts and load cases considered in this investigation. The maximum positive bending moments, negative bending moments, and deflections for all three culverts (B12, B18, and B24) investigated by Awwad (2008) are summarized in Table 1 . Typical FEA results for the culvert with span length of 7.2 m (24 ft or B24) for Case 1 are shown in Figure 4 . The 3D FEA and 2D Frame analysis results are plotted along the culverts laying width (1.8 m or 6 ft) for selected soil covers (Z = 0.6 m (2 ft) and 1.8 m (6 ft)) for individual edge and centered tire loading, earth loading, and total combined tire and earth loading.
General observations can be made to all three culverts (B12, B18, and B24) results that were summarized in Table 1 . The edge condition results are higher than the centered ones for soil covers "Z" less than 0.6 m (2 ft). The difference between edge and centered conditions decreases when the soil cover exceeds 1.2 m (4 ft), and becomes insignificant for soil cover greater than 3 m (10 ft). This is consistent with geotechnical engineering practice, the deeper soil cover tends to lessen the influence of the wheel load position and its concentration by spreading it more evenly to the top slab. The effect of overburden pressure only (Case 1), overburden and lateral earth pressure (Case 2), and overburden, lateral, and bearing pressure (Case 3) on the box culvert were analyzed and compared with reference Case 1. The lateral pressure added in Case 2 tends to camber the top slab upwards, resulting in a decrease in the positive moments and deflections and an increase in the negative moments in the top slab. Applying bearing pressure to the bottom slab in Case 3 has the reverse counter effect. The results in Table 1 showed that the difference between the three load cases is more significant for the shortspan culvert B12, and is less significant for the long-span culverts B18 and B24, namely between Case 1 and Case 2. This is due to the fact that the lateral pressure effect in Case 2 is similar for all three spans considered since the culvert rise is kept constant; the lateral effect will therefore be more significant for the short-span culverts with relatively smaller values of moments and deflections in the top slab.
The FEA results for culvert B12 showed a decrease of approximately 13% in the maximum positive moment in the top slab for the load case with lateral pressure (Case 2 versus Case 1); this decrease is reduced to about 4% when bearing pressure was added (Case 3 versus Case 1). Correspondingly, an increase in the maximum negative moments of about 15% and 4% is observed when considering Cases 2 and 3 versus Case 1, respectively. The maximum deflection in the top slab is also decreased by about 20% for Case 2, compared to Case 1. The deflection resulted from load Case 3 is excluded from the comparison since it includes the settlement due to presence of bearing springs. For the other two culverts B18 and B24, the finite element results indicated that an average of 5% increase is observed in the maximum positive or negative moments when lateral pressure is included (Case 2 versus Case 1) and almost no changes occur when bearing pressure is added (Case 3 versus Case 1). A decrease of 8% in the maximum deflection is observed for loading Case 2 versus Case 1. It was also noted that the percent increase or decrease in moments and deflections with respect to Case 1 are similar for 3D-FEA, center and edge, and 2D plane frame analyses.
The 3D-FEA results were compared with 2D plane frame analysis recommended by AASHTO Bridge Specifications and ASTM standards. The average bending moments and deflections were obtained for the three load Cases 1, 2, and 3. For soil cover less than 0.9 m (3 ft) and centered tire loading condition, 2D plane frame analysis overestimates the maximum positive and negative moments by 15%, 10%, and 5% for culverts B12, B18, and B24 respectively; the maximum deflections were overestimated by 25%, 17%, and 10%, for Culverts B12, B18, and B24, respectively. For soil cover less than 0.9 m (3 ft) and edge wheel loading condition, the 2D frame analysis underestimates the maximum positive and negative moments by about 17%, for Culvert B12, and by about 10% for Culverts B18 and B24. However, the maximum deflections was about 3% difference for all three culverts. For soil cover more than 0.9 m (3 ft), the results for centered and edge tire loading conditions were similar to the 3D-FEA and slightly greater than the 2D plane frame for all three culverts, reaching about 5% increase for edge loading.
Conclusions
This paper presented the results of a parametric study investigating the structural response of four-sided concrete box culverts using finite element analysis. Three culverts span lengths (B12, B18, and B24) were selected and analyzed under various load combinations of wheel load, earth pressure, and various soil covers. For soil fill up to 0.9 m (3 ft), it was observed that the wheel loading is dominant and it was found that the edge wheel loading was more critical than centered wheel loading at mid-span. As the soil cover increases above 0.9 m (3 ft), it was expected that the earth loading tends to gradually dominate, and for soil cover exceeding 2.1 m (7 ft), the live wheel loading effect was found to be negligible when compared to dead load due to earth fill loading. Load cases with lateral earth pressure applied to side walls (Case 2) and bearing pressure applied to the bottom slab in addition to lateral pressure (Case 3), were compared with the case when only overburden pressure is applied to the top slab (Case 1). It was observed when comparing Case 2 loading combination relative to Case 1 loading: (a) the positive moments decreased by 13% for B12 and increased by 5% for B18 and B24; (b) the negative moments increased by 15% for B12 and increased by 5% for B18 and B24; and (c) the deflections decreased by 20% for B12 and decreased by 8% for B18 and B24. It was concluded that plane frame analysis leads to slightly conservative bending moment results when compared to 3D-FEA, it was off by 15% for short-span culverts (B12), 10% for B18, and 5% for longer span (B24) culverts.
